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Providence, Rhode IslandABSTRACT Motivated by our earlier study on the effect of pre-tension in gecko adhesion, here we investigate whether and how
pre-tension in cytoskeleton inﬂuences cell adhesion by developing a stochastic-elasticity model of a stress ﬁber attached on
a rigid substrate via molecular bonds. By comparing the variations in adhesion lifetime and observing the sequences of bond
breaking with and without pre-tension in the stress ﬁber under the same applied force, we demonstrate that the effect of pre-
tension is to shift the interfacial failure mode from cracklike propagation toward uniform bond failure within the contact region,
thereby greatly increasing the adhesion lifetime. Since stress ﬁbers are the primary load-bearing components of cells, as well
as the basic functional units of cytoskeleton that facilitate cell adhesion, this study suggests a feasible mechanism by which
cell adhesion could be actively controlled via cytoskeletal contractility and proposes that pre-tension may be a general principle
in biological adhesion.INTRODUCTIONCell adhesion plays a central role in cell-tissue interactions
and cellular functioning. To be viable, most cells must
adhere to the extracellular matrix or to each other (1). The
adhesion regions of cell-matrix interaction consist of mul-
tiple ligand-receptor bonds connected to the actin cytoskel-
eton (2–4). A single ligand-receptor bond is statistical in
nature and has a relatively short life time, typically on the
order of seconds, which enables the cell to respond quickly
to external stimuli. However, a relatively stable adhesion
with prolonged lifetime can be achieved with a large number
of ligand-receptor bonds forming a bond cluster (5–8).
A pioneering theoretical framework on the collective
behavior of multiple molecular bonds was established by
Bell (9). Seifert studied the dynamic behavior of a cluster
of bonds subjected to a linear ramping force (10). Erdmann
and Schwarz developed a more rigorous theory of cluster
adhesion based on the one-step master equation in stochastic
dynamics (5,6). A common assumption in these models is
that the applied load is uniformly shared among the bonds.
Qian et al. eliminated this assumption by developing a
stochastic-elasticity model of a single or a periodic array of
adhesion clusters between cell and substrate under normal
and inclined tensile forces (7,8), in which stochastic descrip-
tions of molecular bonds and elastic descriptions of interfa-
cial traction are unified in a single modeling framework.
The stochastic-elasticity model of Qian et al. (7,8) showed
that intermediate adhesion size, stiff substrate, cytoskeleton
stiffening, and low-angle pulling are factors that contribute
to the stability of a bond cluster. These results provided
feasible explanations for a range of experimental observa-Submitted November 4, 2009, and accepted for publication February 1,
2010.
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0006-3495/10/05/2154/9 $2.00tions. For example, stable focal adhesions (FAs) are usually
found on stiff substrates and limited within a size range
on the order of a few microns, and cells tend to migrate
toward stiffer regions when cultured on a nonhomogeneous
substrate (11–15).
Although the existing studies have contributed signifi-
cantly to the understanding of how cells respond to their
mechanical environments, many aspects of cell adhesion
remain far from understood. For example, to our knowledge,
there has not been a systematic study on the basic principle
of a cell employing cytoskeletal contractility to control its
adhesion on a substrate, even though there has been ample
experimental evidence that cytoskeletal contractility plays
a very important role in the mechanical properties and func-
tions of cells (16–20), that inhibition of myosin-II-driven
contractility leads to weakened cell adhesion with accumula-
tion of small dotlike focal complexes and the disappearance
of stable focal adhesions (21–25), and that activation of
myosin II enhances cell adhesion with more stable focal
adhesion assembly (26–28).
A possible clue to the role of internal contractile forces in
biological adhesion emerged from the recent study by Chen
et al. (29), who found that pre-tension in spatula hairs of
gecko, which may be induced by having a gecko drag its
feet on a surface, can play an essential role in gecko cell
adhesion: it dramatically enhances the critical pull-off force
at small peeling angles, at the same time decreasing this force
at large peeling angles, leading to strongly reversible adhe-
sion. Motivated by the finding of Chen et al. (29), here we
investigate whether and how pre-tension in the cytoskeleton
might influence cell adhesion on a substrate. Recognizing the
facts that stress fibers in the cytoskeleton are the primary
load-bearing components of cells, as well as the basic func-
tional units that facilitate cell adhesion, and that the basic
scale of cytoskeletal contractility is at the level of stressdoi: 10.1016/j.bpj.2010.02.007
Enhancing Cell Adhesion via Pre-Tension 2155fibers, we extend the stochastic-elasticity framework of Qian
et al. (7,8) to a stress fiber attached to a rigid substrate via
stochastic molecular bonds (Fig. 1).
In the past, significant work has been done on the mecha-
nosensitivity of FAs. Although the detailed mechanism of
force-dependent regulation of FAs is still largely unknown
(30), FAs are known to display anisotropic growth in which
proteins are mainly aggregated in the direction of the force.
A decrease in pulling force results in a reduction in FA size.
Nicolas et al. (31) considered an elastic thin film adhering on
a substrate via a cluster of ligand-receptor bonds subjected
to a local tangential force on its top surface. By assuming
that force-induced deformation would trigger the growth of
focal adhesions, these authors predicted anisotropic growth
and shrinkage of focal adhesions in the direction of the force.
Shemesh et al. (32) argued that a pulling force would facili-
tate the self-assembly of a protein aggregate, making it grow
in the direction of the force; they then predicted distinct
modes of assembly consistent with experimental observa-
tions. Deshpande et al. (33) developed a theoretical model
that integrates a number of biochemical processes, such as
tension generation within stress fibers, tension-dependent
self-assembly of stress fibers, signaling of actin polymeriza-
tion, and myosin phosphorylation. They also predicted a
number of experimentally observed characteristics associ-
ated with FAs. In this study, we demonstrate that cytoskel-
etal pre-tension can stabilize cell-substrate adhesion by
homogenizing interfacial stress distribution between stress
fibers and substrate, which is also consistent with experi-
mental observations that FAs tend to grow in the direction
of the force and that the ratio between the total force and
the FA area remains approximately constant (11). The new
concept that cytoskeletal pre-tension can greatly increase
adhesion lifetime might provide additional insights into FA
mechanosensitivity.MODEL
Formulation and numerical simulation scheme
Fig. 1 shows an elastic stress fiber pulled at its right end by
a horizontal force, P, which could be induced, for example,
externally by a shear flow or internally by myosin contraction
in other parts of the cytoskeleton. The stress fiber is modeled0P
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FIGURE 1 A stress fiber adhered to a substrate via molecular bonds. The
fiber is subject to pre-tension before it is bonded to the substrate. The bonds
are numbered from right to left.as an elastic beam with tension stiffness EA, where E is the
Young’s modulus andA is the cross-section, attached to a rigid
substrate via a cluster of ligand-receptor bonds with stiffness
kLRz 0.25 pN/nm (34). The bonds are assumed to break and
reform stochastically according to a set of forward and back-
ward reaction rates similar to those formulated by Bell (9).
Breaking of an existing bond creates a free receptor on the
fiber and a free ligand on the substrate, which are subsequently
allowed to freely rebind with their closest partners in the
vicinity. Following Qian et al. (7,8), the coupling between
the interfacial traction distribution and the stochastic events
of bond breaking/rebinding will be implemented in a Monte
Carlo framework based on Gillespie’s algorithm (35,36).
The elastic energy of a deformable body can be generally
expressed as
P ¼
Z
U
JdU
Z
S
TiuidS; (1)
where the first term on the righthand side is the strain energy
stored in the body and the second term is the potential of
forces applied on its boundary. For the problem presented
here, we discretize the stress fiber into N  1 segments,
with N nodes coincident with N receptors on the fiber.
Initially, all bonds are closed, and the ith receptor on the fiber
is connected to the ith ligand on the rigid substrate. The
deformation in the fiber is assumed to be tension-dominated.
The N receptors/nodes are equally spaced at l0 ¼ 32 nm, as
shown in Fig. 1. The total elastic energy in the system (fiber
and bonds) scaled by l0 can be expressed as
P=l0 ¼ 1
2
EA
XN1
i¼ 1

Ui  Uiþ 1 þ P
i
0
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

Pi0
EA
2)(
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2
XN
i¼1
kLRl0½Ui þ ðmi  iÞ2  PU1; ð2Þ
where Ui is the displacement of the ith node of the fiber
normalized by l0, P
i
0 is the pre-tension along the ith segment
of the fiber, and mi is the site sequence on the substrate that is
currently connected to the ith node of the fiber. The equilib-
rium condition dP ¼ 0 yields N equations to determine N
nodal displacements, Ui. Subsequently, the force on each
bond is determined as Fi ¼ kLRl0½Ui þ ðmi  iÞ.
After the force and displacement on each node of the fiber
are determined, the time and position for the next event of
either breaking of an existing bond or formation of a new
bond are selected according to Gillespie’s algorithm
(35,36). The breaking rate of an existing bond is assumed
to obey the usual exponential law (9)
koff ¼ k0ejFi=Fbj; (3)
where Fb is a force scale typically on the order of a few pi-
conewtons and k0 is the spontaneous breaking rate in the
absence of an applied force, with 1/k0 in the range from a
fraction of a second to ~100 s.Biophysical Journal 98(10) 2154–2162
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tion between a ligand and a receptor, and it occurs only when
the ligand-receptor pair comes within a very small reacting
distance, lbind (34). Here, we consider the reaction between
a binding site on the substrate and a receptor tethered on
the stress fiber, with the receptor modeled as a linear spring
with zero rest length, i.e., a Gaussian chain. The probability
density function for the receptor to have displacement u is
expressed as
PðuÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kLR
2pKBT
r
exp

 kLRu
2
2KBT

: (4)
The rebinding rate of a ligand-receptor pair, kon, is thus
expressed as
kon ¼ k0onlbindPðuÞ ¼ gk0
ﬃﬃﬃ
b
p
r
exp
 bðUi þ ðni  iÞÞ2;
(5)
where k0on is the reaction rate of bonds when they are within
binding distance of each other, b ¼ kLRl20=ð2KBTÞ,
g ¼ ðk0on=k0Þðlbind=l0Þ, and ni is the site sequence available
on the substrate that is closest for the ith node on the fiber
to bind at that moment.
In determining the adhesion lifetime by Gillespie’s algo-
rithm (35,36), a series of independent random numbers, xm,
uniformly distributed over the interval (0, 1) are generated
for all the nodes. Let am denote the reaction rate at each
bond, which is equal to the breaking rate if the bond is
currently closed and to the rebinding rate if it is currently
open. The time for the next reaction is chosen to be the small-
est among a series of values, dTm, calculated according to
dT ¼ minðdTmÞ ¼ min

 ln xm
am

: (6)
At the same time, the location for the next event is registered
as the reaction site where dT is chosen. Subsequently, the
bond state at the chosen reaction site is switched. If it is
currently closed, the bond state at the reaction site is changed
to open and the corresponding site on the substrate is made
available for rebinding in the future. On the other hand, the
bond state at the reaction site is switched to being closed if
it is currently open, and the corresponding reaction site on
the substrate is temporarily shut down for further rebinding.
Meanwhile, the lifetime of attachment increases by dT.
The above procedure is set to loop around until all bonds
become open, at which point the lifetime for the current
trajectory is recorded. The mean lifetime is obtained by aver-
aging over many such trajectories.
Effect of pre-tension on interfacial force
distribution
To understand how interfacial force is distributed within the
contact domain, as well as to validate our numerical scheme,Biophysical Journal 98(10) 2154–2162we first consider the deterministic case in which the bonds
between the fiber and substrate are modeled as linear springs
with the maximum displacement, u1, upon breaking. To
calculate the equilibrium bond force at the contact edge,
we recognize that the adhesion energy associated with
such linear interfacial springs is
g ¼ kLRu
2
1
2l0
: (7)
The applied force, P, in equilibrium with this adhesion
energy is (37)
P ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2EAg
p
: (8)
Combining Eqs. 7 and 8 immediately yields
P ¼ kLRu1=
ﬃﬃﬃﬃ
L
p
; (9)
indicating that the ratio between the bond force at the contact
edge and the applied force is
Fmax
P
¼ kLRu1
P
¼
ﬃﬃﬃﬃ
L
p
; (10)
where
L ¼ kLRl0
EA
(11)
will be referred to as the interfacial force concentration
index. As shown in Fig. 2 a, the linear relation in Eq. 9
between the maximum displacement, u1 (at the first node
in our numerical scheme), and the applied force, P, is in
excellent agreement with our numerical simulation.
Fig. 2 b plots the distribution of bond forces over the entire
adhesion domain, showing that the bond forces are generally
concentrated in the vicinity of the contact edge, and that this
concentration tends to weaken as the force concentration
index, L, is decreased. The manner in which the interfacial
force distribution is governed by the force concentration
index, L, bears significant resemblance to previous studies
by Qian et al. (7,8) on interfacial traction distribution within
molecular bond clusters between two homogenized elastic
media. The model by Qian et al. (7,8) showed that the inter-
facial traction distribution in the bond clusters is governed
by a dimensionless parameter, a ¼ arLRkLR=E, where a is
the size of the cluster, rLR is the nominal bond density along
the interface, and E* is the reduced Young’s modulus of the
system. The larger the value of a, the higher the force
concentration near the contact edge. In both systems, the
force concentration near the contact edge increases with
the bond stiffness and decreases with the characteristic
Young’s modulus of the system. The harder the material or
the softer the bonds, the smaller is the force concentration
near the contact edge. Conversely, the softer the material
or the harder the bonds, the higher is the force concentration
near the contact edge.
Despite the similarity between the model presented here
and that of Qian et al. (7,8), it must be pointed out that the
FIGURE 2 (a) Relationship between
the peeling force, P, and its equilibrium
bond displacement, u1, measured at the
first node at the edge of the contact
domain. The solid lines are theoretical
predictions from Eq. 8. Solid circles
and triangles represent numerical simu-
lation results in the absence of pre-
tension, and dashed curves represent
numerical simulation results with pre-
tension P0 ¼ 4 pN. Other simulation
parameters are kLR ¼ 0.25 pN/nm and
N ¼ 500. (b) The distribution of forces
along an interfacial layer of linear
spring bonds. The smaller the force
concentration index, L, the more
uniform the interfacial force distribu-
tion. Other simulation parameters are
kLR ¼ 0.25 pN/nm, N ¼ 500, and
P ¼ 16 pN. (c) Effect of a stairwise
increasing pattern of pre-tension from
0 to 49P0/50 at steps of P0/50 over
50 segments of equal length along the
stress fiber on the distribution of interfa-
cial forces in an array of linear spring
bonds. The larger the magnitude of
pre-tension, the more uniform the inter-
facial force distribution. The force
concentration index is L ¼ 1. Other
simulation parameters are kLR ¼
0.25 pN/nm, N ¼ 501, and P ¼ 16 pN.
(d) Effect of a stairwise increasing pat-
tern of pre-tension from 0 to 49P0/50
at steps of P0/50 over 50 segments of
equal length along the stress fiber on
the distribution of interfacial forces in
an array of linear spring bonds. The
larger the magnitude of pre-tension,
the more uniform is the interfacial force
distribution. The force concentration
index is L ¼ 0.01. Other simulation parameters are kLR ¼ 0.25 pN/nm, N ¼ 501, and P ¼ 16 pN. (e) Effect of a stairwise increasing pattern of pre-tension
from 0–9P0/10 at steps of P0/10 over 10 segments of equal length along the stress fiber on the distribution of interfacial forces in an array of linear spring bonds.
The larger the magnitude of pre-tension, the more uniform the interfacial force distribution. The force concentration index is L ¼ 1. Other simulation
parameters are kLR ¼ 0.25 pN/nm, N ¼ 501, and P ¼ 16 pN.
Enhancing Cell Adhesion via Pre-Tension 2157model of Qian et al. cannot properly address the effect of
contractile forces in the cytoskeleton. This phenomenon
must be modeled at the scale of individual stress fibers,
and our model provides one of the simplest platforms to
investigate this effect. To see this, let us first investigate
how pre-tension in the stress fiber influences the maximum
bond force. Consider a uniform pre-tension, P0, in the
same stress fiber that is linked to the substrate via linear
springs. In this case, the critical peeling force for the stress
fiber is simply (29)
P ¼ P0 þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2EAg
p
¼ P0 þ kLRu1=
ﬃﬃﬃﬃ
L
p
; (12)
corresponding to a simple shift of the Pu1 curves by an
amount equal to P0. This result, as shown in Fig. 2 a, is again
in perfect agreement with our numerical simulations. More
interesting, the presence of the pre-tension changes the force
concentration factor near the contact edge according toFmax
P
¼ kLRu1
P
¼
ﬃﬃﬃﬃ
L
p
1 þ P0
ﬃﬃﬃﬃ
L
p
=ðkLRu1Þ
: (13)
It is immediately seen that a contractile force in the stress
fiber would decrease the force concentration factor! Fig. 2,
b–e, shows how the distribution of interfacial forces changes
with the magnitude of pre-tension in the stress fiber with
different patterns of pre-tension distribution orL. The results
show that the pre-tension tends to lower the force concentra-
tion near the contact edges, and a sufficiently large pre-
tension can make the bond force distribution nearly uniform
along the interface.
SIMULATION RESULTS
Next, we use Gillespie’s algorithm described in Eqs. 3–6
to calculate the mean lifetime of adhesion when the bondsBiophysical Journal 98(10) 2154–2162
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2158 Chen and Gaobetween the stress fiber and substrate are modeled as
stochastic reactions. In the absence of pre-tension, our simu-
lations show that the adhesion lifetime generally decreases as
the applied force increases, dropping to almost zero beyond
a critical load (Fig. 3 a). A detailed examination of the time
sequence of bond breaking shows that the bond-breaking
events occur randomly and almost uniformly along the inter-
face at a low applied force, as in Fig. 3 b for P/Fb ¼ 2.0. In
contrast to this uniform failure mode, Fig. 3 c shows that the
bond-breaking events follow a cracklike failure mode when
the applied force is increased to P/Fb ¼ 16.0.
To investigate the effect of pre-tension on the adhesion
lifetime of the stress fiber shown in Fig. 1, we consider
four different patterns of pre-tension in our simulations
(Fig. 4, a–d) that may be generated by different activations
of myosin contractility. In all cases, the spacing between
neighboring bonding sites along the stress fiber is fixed atFIGURE 3 (a) The adhesion lifetime of a stress fiber on substrate as
a function of the applied peeling force. The simulation parameters are
N ¼ 50, g ¼ 1, l0 ¼ 32 nm, Fb ¼ 1pN, kLR ¼ 0.25 pN/nm, and L ¼ 1.
(b) Statistically uniform bond-breaking events at a relatively small applied
force, P/Fb ¼ 2.0. Other simulation parameters are N ¼ 50, g ¼ 1.0,
Fb ¼1 pN, l0 ¼ 32 nm, kLR ¼ 0.25 pN/nm, and L ¼ 1. (c) Cracklike failure
of interfacial bonds at a relatively large applied force, P/Fb ¼ 16. Other
simulation parameters are N ¼ 50, g ¼ 1.0, Fb ¼ 1 pN, l0 ¼ 32 nm,
kLR ¼ 0.25 pN/nm, and L ¼ 1.
 P
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FIGURE 4 (a–d) Different patterns of pre-tension in the elastic stress
fiber chosen in the simulation results listed in Table 1. Other simulation
parameters are g ¼ 1.0, kLR ¼ 0.25 pN/nm, L ¼ 1, Fb ¼ 1 pN, P/Fb ¼ 16,
l0 ¼ 32 nm, and N ¼ 100.
Biophysical Journal 98(10) 2154–2162l0 ¼ 32 nm. In Fig. 4 a, a uniform pre-tension, P0, is imposed
over the whole fiber. In Fig. 4 b, a pre-tension with magni-
tude equal to half of the applied load is incurred over the
right half of the fiber. In Fig. 4 c, the pre-tension is assumed
to increase stairwise from 0 to P over 4 segments of equal
length along the fiber. In Fig. 4 d, it is assumed to increase
stairwise from 0 to P over 10 segments of equal length along
the fiber. The simulated adhesion lifetimes of the fiber are
listed in Table 1. Compared to the reference case of zero
pre-tension, in which the applied force is taken to be
P/Fb ¼ 16.0 and the adhesion lifetime of the fiber is simu-
lated to be 5.1103, even a modest pre-tension uniformly
distributed over the adhesion domain, with a magnitude 1/4
to 1/2 of the applied force, increases the adhesion lifetime by
1–2 orders of magnitude. For the pre-tension patterns in
Fig. 4, b–d, the simulated lifetimes are 0.25, 1.4, and 4.3,
respectively, where the applied force is fixed at the referenceTABLE 1 Effect of pre-tension patterns on adhesion lifetime
of a stress ﬁber on substrate
Pre-tension pattern in the stress fiber
Lifetime during
attachment (k0T)
None 5.1  103
Uniform (P0/Fb ¼ 4) 0.09
Uniform (P0/Fb ¼ 8) 0.27
Magnitude equal to half load applied
over right side of fiber
0.25
Stairwise increase over four equal segments 1.4
Stairwise increase over 10 equal segments 4.3
The pre-tension patterns are shown in Fig. 4. Other simulation parameters
are kLR ¼ 0.25 pN/nm, L¼ 1, Fb ¼ 1 pN, and N ¼ 100.
Enhancing Cell Adhesion via Pre-Tension 2159value P/Fb ¼ 16.0. We find that pre-tension increases the
adhesion lifetime up to 3 orders of magnitude. An examina-
tion of the time sequence of bond breaking indicates that the
primary reason for such a dramatic increase in lifetime is that
pre-tension tends to shift the interfacial failure mode from
a cracklike propagation mode in the absence of pre-tension
(Fig. 5 a), to almost uniformly distributed bond rupturing
in the presence of pre-tension (Fig. 5 b). This is in perfect
agreement with the effects of pre-tension on interfacial force
distribution shown in Eq. 12 and Fig. 2, b–e.
In our simulations, we have considered both uniform and
staircase distributions of pre-tension; the latter was moti-
vated by our previous study (29) on the effect of pre-tension
on gecko adhesion via spatula hairs, where it was shown that
sequential attachment of a spatula pad on substrate can lead
to a gradual buildup of a staircase distribution of pre-tension
within the spatula, suggesting that staircase distributions of
pre-tension can be naturally generated from sliding of a fiber
on substrate or between two fibers. Although staircase distri-
bution of pre-tensions may not be realistic, they should be of
interest not only for cell adhesion, but also for other
processes such as muscle contraction and cellular mitosis.
We emphasize that the essential results and conclusions in
this article are not dependent on a specific distribution
pattern of pre-tension.
To further test the generality of our findings, we have con-
ducted a range of simulations by varying the magnitude of
pre-tension in the stress fiber under different selected values
for other system parameters such as the fiber stiffness, theFIGURE 5 (a) Cracklike failure mode in the absence of pre-tension under
simulation parameters N¼ 100, g¼ 1.0, Fb ¼ 1 pN, P/Fb ¼ 16, l0 ¼ 32 nm,
kLR ¼ 0.25 pN/nm, and L ¼1. (b) Statistically uniform failure mode for
the same simulation parameters, N ¼ 100, g ¼ 1.0, Fb ¼ 1 pN, P/Fb ¼ 16,
l0 ¼ 32 nm, kLR ¼ 0.25 pN/nm, and L ¼ 1, but in the presence of the
pre-tension pattern shown in d.adhesion size, and the distribution pattern of the pre-tension.
The results, as shown in Fig. 6, reveal that pre-tension is
indeed an efficient strategy to increase the adhesion lifetime,
especially when the elastic modulus is relatively low. The
simulation results also indicate that increasing the character-
istic stiffness of the system and the adhesion size tends to
prolong the adhesion lifetime. These results are fully consis-
tent with the earlier findings of Qian et al. (7,8). Our study
shows that there generally exists a transition in failure
mode between cracklike propagation and uniform bond
failure. Here, we have focused on the effect of pre-tension
on this transition. A more complete theory to describe how
this transition depends on the properties of stress fiber,
bonds, substrate, the applied load, the length of overlap,
and pre-tension is beyond the scope of this work and will
have to be undertaken in future studies.DISCUSSION
Recent investigations by Qian et al. (7,8) of focal adhesion
clusters between homogenized cell and substrate have shown
that, depending on the adhesion size and elastic moduli of
cell, substrate, and ligand-receptor bonds, there exist two
characteristic interfacial failure modes: uniformly distributed
stochastic failure of bonds in the case of small adhesion size
and rigid substrate, and cracklike propagation in the case of
large adhesion size and soft substrate. One drawback of the
model by Qian et al. (7,8) is that the effect of contractile
forces in the cytoskeleton, referred to as pre-tension in this
article, could not be clearly addressed. In this article, we
recognize the fact that the basic scale of cytoskeletal contrac-
tility occurs at the level of individual stress fibers, and extend
the stochastic-elasticity framework of Qian et al. (7,8) to
investigate the lifetime of a stress fiber with different patterns
of pre-tension attached to a substrate via stochastic molecular
bonds.
In the absence of pre-tension, our simulations showed that
the interfacial failure model becomes increasingly cracklike
as the applied force rises in magnitude. In this situation,
we find that the effect of pre-tension in the cytoskeleton is
to shift the interfacial failure mode from cracklike propaga-
tion back to uniformly distributed stochastic failure. In the
absence of pre-tension, the traction is heavily concentrated
in the vicinity of the adhesion edge, where the rate of bond
breaking is very high compared to the rest of the adhesion
domain such that the bond-rupturing events are highly local-
ized, resulting in cracklike failure of adhesion. From this
point of view, the most important conclusion of our study
is that pre-tension (introduced via myosin contractility) tends
to prevent cracklike failure by smoothing out the interfacial
traction distribution, thereby retaining the uniformly distrib-
uted stochastic failure mode with a prolonged lifetime. An
alternative point of view is that pre-tension enhances the
cooperative behaviors within the bond cluster, whereas
lack of pre-tension promotes individual behaviors withinBiophysical Journal 98(10) 2154–2162
FIGURE 6 Adhesion lifetime versus
magnitude of pre-tension in the stress
fiber fordifferent system parametervalues
of stress fiber stiffness and adhesion size
and different pre-tension patterns. Other
simulation parameters are g ¼ 1.0, Fb ¼
1 pN, kLR ¼ 0.25 pN/nm, l0 ¼ 32 nm,
and the appliedpeeling force isP/Fb¼36.
FIGURE 7 A portion of bond-breaking history showing that pre-tension
can decrease the adhesive size in the absence of an applied force. The pre-
tension pattern is also shown in the figure. Other simulation parameters
are N¼ 80, g¼ 1.0, Fb ¼ 1 pN, P0/Fb ¼ 18, kLR ¼ 0.25 pN/nm, l0 ¼ 32 nm,
and L ¼ 0.01.
2160 Chen and Gaothe cluster, especially at relatively large forces. Therefore,
a motile cell can use pre-tension as a control to stabilize or
destabilize adhesion during cell migration.
Our work shows that pre-tension is an important factor in
determining the adhesion lifetime, in addition to the effects
of stiffness and adhesion size discussed by Qian et al.
(7,8). As seen from the simulation results in Fig. 6, the life-
time of a stress fiber with pre-tension can be longer than that
of a stiffer fiber without pre-tension. Such a prediction could
not be made based on the model of Qian et al. (7,8). This
shows that the effects of cytoskeletal contractility on cell
adhesion may need to be understood from models at the level
of individual stress fibers.
We point out that the magnitude of pre-tension needs to
remain in a window for it to enhance adhesion. Contractile
forces too small or too large are both detrimental to the
stability of adhesion. In general, the magnitude of pre-
tension must be matched by the applied force to achieve
the best effect. For example, in the absence of an applied
force, it is found that pre-tension in the stress fiber reduces
the adhesion size, as shown in the simulation results of
Fig. 7. In this case, adding an applied force of the same
magnitude as the pre-tension results in growth and stabiliza-
tion of adhesion with more uniformly distributed stochastic
breaking events. This result seems to be consistent with the
experimental observation by Riveline et al. (12) that an
applied force would induce growth of focal contacts. That
too large a pre-tension can decrease the adhesion lifetime
can also be seen in Fig. 6.Biophysical Journal 98(10) 2154–2162For additional experiments, we refer to direct measure-
ments of unbinding force during initial cell adhesion on a
patterned surface as the spacing between individual integrins
is varied in a controlled manner (38,39). These experiments
indicate rapid rises in the unbinding force as integrin spacing
drops below a critical value. Although a different molecular
mechanism is suggested by the authors (38,39), this observa-
tion is not inconsistent with the model presented here. Our
model suggests that stress concentration near the adhesion
edge would decrease as the bond spacing decreases. The
smaller the bond spacing, the more uniform are the forces
Enhancing Cell Adhesion via Pre-Tension 2161distributed along the molecular bonds. Therefore, our model
suggests a transition in failure mode from cracklike failure
to uniform bond rupture as integrin spacing is reduced to
below a critical value. In addition, the failure process in
the cracklike mode is rather deterministic, whereas that in
the uniform rupture mode would be much more random,
which is also consistent with the experimental observation
that the scattering of data increases as the integrin spacing
is reduced (38).
We should point out that this model is extremely simple
compared to the complexity of a real cell. In this sense, it
can only be regarded as one of the simplest models to explore
the effect of pre-tension on cell-matrix adhesion. More
sophisticated and realistic models that take into account
many other factors, such as the complex cross-linked struc-
tures in focal adhesions, will need to be established in future
work. In addition, pre-tension resulting from the function of
myosin motors in the actin fibers is generally inhomoge-
neous (40), and it is still not clear exactly how pre-tension
is distributed within the fiber and focal adhesion plague.
Nevertheless, the fact that such a simple model can capture
the basic principle of pre-tension in molecular adhesion is
very interesting in view of the existing experimental observa-
tions that inhibition of myosin-II-driven contractility leads to
weakened cell adhesion with accumulation of small dotlike
focal complexes and the disappearance of stable focal adhe-
sions (21–25), whereas activation of myosin II enhances cell
adhesion with more stable focal adhesion assembly (26–28).
Future work can also be directed at understanding, for
example, the effect of dynamically sliding stress fibers on
an elastic substrate, as studied by Chan and Odde (41).CONCLUSIONS
Many existing studies have shown that contractile forces in
the cytoskeleton play an essential role in cell adhesion.
However, the basic mechanics principle behind this phenom-
enon has not been theoretically clarified. Motivated by the
recent finding by Chen et al. (29) that pre-tension in the
spatula hairs plays an essential role in gecko adhesion, in
this study, we considered the questions of whether and
how pre-tension in the cytoskeleton might influence the life-
time of cell adhesion. For that purpose, we extended the
stochastic-elasticity framework of Qian et al. (7,8) to inves-
tigate the lifetime of an elastic stress fiber with various
patterns of pre-tension attached to a substrate via stochastic
molecular bonds. Our work reveals that pre-tension (contrac-
tile forces) in the cytoskeleton is a critical factor that can be
used to control the transition of interfacial failure mode
between cracklike propagation and uniformly distributed
stochastic failure within the contact region. We have shown
that pre-tension resulting from contractile forces in the stress
fiber can reduce the maximum stress near the contact edge
and make the interfacial force distribution more uniform,
and that pre-tension of a certain pattern can make the inter-facial force distribution almost completely uniform. We
have shown that pre-tension can increase the adhesion life-
time by orders of magnitude by shifting the interfacial failure
mode from cracklike propagation to uniformly distributed
stochastic failure within the contact region. This work sug-
gests that cell adhesion could be actively controlled through
myosin contractility in the cytoskeleton and that, and in
combination with the recent study by Chen et al. on gecko
adhesion (29), it suggests that pre-tension is a very general
principle in biological adhesion.
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